We tested the hypothesis that the CBF re sponse to extracellular acidosis is mediated by nitric ox ide (NO). A closed cranial window, superfused with ar tificial CSF (aCSF), was implanted over the parietal cor tex in anesthetized and ventilated Wistar rats. Regional cerebral blood flow (rCBF) was measured continuously with laser-Doppler flowmetry (LDF). The reaction of rCBF to hypercapnia (P ac02 from 30.5 ± 1.8 to 61.3 ± 5.8 mm Hg by adding CO2 to the inspiratory gas) was 2.9 ± 1.4%/mm Hg, and the reaction of rCBF to H+ (super fusion of acidic aCSF, pH 7.07 ± 0.05) was 101.7 ± 24.7%/pH unit. The regional NO synthase (NOS) activity was blocked by superfusing aCSF containing 10-3 M Nw nitro-L-arginine (L-NA, n = 10). After 30 min of L-NA superfusion, rCBF was reduced to 80.1 ± 6.5% of base line, and the rCBF responses to hypercapnia (P ac02 from Ab b rev iations used: rCBF, regional cerebral blood flow; LDF, laser-Doppler flowmetry; L-NA, Nw-nitro-L-arginine; NO, nitric oxide; NOS, nitric oxide synthase; pHi' intracellular pH; SAP, systemic arterial pressure; SNP, sodium nitroprusside.
It is widely accepted that the cerebral arteriolar dilatation in response to increases in blood or tissue P aco2 is mediated by extracellular acidification (Kontos et aI., 1977; Busija aud Heistad, 1984) . The means by which H + dilates cerebral vessels is still unclear. Recently, a number of studies have dem onstrated that blockade of brain nitric oxide syn thase (NOS) activity by systemic (Wang et aI., 1992; Pelligrino et aI., 1993) or topical (Dirnagl et aI., 1993; Iadecola, 1992a) administration of argi nine analogues is capable of attenuating or abolish ing the cebrovascular response to hypercapnia. It 30.9 ± 2.9 to 58.8 ± 7.7 mm Hg) and extracellular acido sis (aCSF pH 7.08 ± 0.06) were reduced to 0.8 ± 1.1%/ mm Hg and 10.1 ± 23.0%/pH unit, respectively (bothp < 0.001). This effect was stereospecific since aCSF contain ing 10-3 M Nw-nitro-D-arginine affected neither baseline rCBF nor the response to H + (n = 5). The NOS blockade did not affect the vasodilatation by the NO donor sodium nitroprusside (n = 5, 114.3 ± 25.1% before vs. 130.2 ± 24.7% after NOS blockade). The results confirm the in volvement of NO in the CBF reaction to hypercapnia and demonstrate for the first time that NOS blockade also strongly attenuates the H + response of the cerebral vas culature. We speculate that extracellular acidification triggers the production of NO. Key Words: Acidosis Hypercapnia-Laser-Doppler flow-N w-nitro-L arginine-Rat-Sodium nitroprusside.
has been shown in vitro that acidosis increases NOS activity (Heinzel et aI., 1992) , and extracellu lar acidosis has been linked to increased intracellu lar Ca 2 + availability, possibly activating the Ca 2 + / calmodulin-dependent constitutive NOS (Moncada et aI., 1991; . Therefore, acidosis may be the link from an increase in brain tissue P aco2 to vasodilatation by increased NO pro duction. If this is correct, blockade of brain NOS activity is expected to attenuate the reaction of the cerebral vasculature not only to hypercapnia but also to acidosis. Because i. v. application of NOS blockers sub stantially elevates systemic arterial pressure (SAP), and because systemic alterations of arterial pH without changes in P aco2 are difficult to produce and may cause side effects, we chose brain topical NOS blockade and acidification. In a closed cranial window technique in anesthetized rats, we evalu ated the effect of local blockade of cortical NOS activity on the reaction of regional cerebral blood flow (rCBF) to extracellular acidosis at normal tis sue Paco2levels.
METHODS

General preparation
Male Wistar rats (n 20; 250--300 g) were anesthetized with 100 mg/kg body weight thiobutabarbiturate (Inactin, BYK Pharmaceuticals, Konstanz, Germany), tracheoto mized, and artificially ventilated (Harvard Rodent Respi rator, Harvard, South Natick, MA, U.S.A.). The left femoral artery and vein were cannulated, and a continu ous i. v. saline infusion (1 mllh) was started. Body tem perature was maintained at 38± 0.5°C with a heating pad. Systemic arterial pressure (Statham P23 ID), rCBF (see below), and end-expiratory Pac02 (Heyer CO2 Monitor EGM I, Bad Ems, Germany) were monitored and re corded continuously using a PC running the ASYST (Macmillan Software, New York) data acquisition soft ware. Arterial P02, Pac02, and pH were measured serially (pH/Blood Gas Analyzer 1304, Instrumentation Labora tory, Milan, Italy). All surgical wounds were treated with lidocaine ointment (1%).
Cranial window technique
The animals were placed in a stereotactic frame. A cra niotomy was performed (4 x 5 mm) over the right parietal cortex (wisker barrel area) using a saline-cooled drill; the dura mater was removed; and a closed cranial window was implanted (for details, see Lindauer et aI., 1993) . The brain was superfused with artificial cerebrospinal fluid (aCSF) at a superfusion rate of 5 mllh. The aCSF (for the composition, see Levasseur et aI., 1975) was equilibrated with a gas mixture containing 6.6% O2, 5.9% CO2, and 87.5% Nz leading to a POz of 129.1 ± 12.0 mm Hg, a P aco2 of 33.4 ± 4.6 mm Hg, and pH of 7.38 ± 0.04. The intra cranial pressure was controlled at normal levels by ad justing the outflow catheter. Regional cortical CBF was measured with a laser-Doppler flow probe (Vasamedics BPM 403 A, Troy, MI, U.S.A.) permitting continuous monitoring of rCBF with a spatial resolution of -1 mm3 and a temporal resolution of 0.1 s. Validation of laser Doppler flowmetry (LDF) for quantitative measurements of CBF changes had been carried out in an earlier study by us (Dirnagl et aI., 1989) and others (Haberl et aI., 1989) .
Experimental paradigm
Topical application of Nw-nitro-L-arginine (series /, n = 10). After recording a stable rCBF baseline, the reac tion of rCBF to hypercapnia was tested by adding CO2 for 5 min to the inspiratory gas. After the return to normo capnia and baseline rCBF, the reaction of rCBF to H+ was measured by switching the superfusion from normal aCSF to acidic aCSF with normal P ac02 and POz. The regional NOS activity was then blocked by superfusing aCSF containing 10-3 M Nw-nitro-L-arginine (L-NA) (Sigma Chemicals, Deisenhofen, Germany) for 30 min and the rCBF responses to hypercapnia and local acidosis were measured again. L-NA is an irreversible inhibitor (Dwyer et aI., 1991) of the endothelial (Palmer et aI., 1988 ) and brain parenchymal enzyme NOS (Bredt et aI., 1990) , which forms NO from L-arginine (Moncada et aI., 1989) . In addition, L-NA may inactivate NO via the pro duction of superoxide (Rosenblum et aI., 1992) .
Topical application of Nw-nitro-D-arginine (series II, n = 5). To assess the stereospecificity of the effect of L-NA, we tested the reaction of rCBF to H+ before and after superfusing aCSF containing 10-3 M Nw-nitro-D arginine (D-NA) (Serva Chemicals, Heidelberg, Ger many) for 30 min.
Topical application of sodium nitroprusside (series III, n = 5). Using the NO donor sodium nitroprusside (SNP) (lgnarro et aI., 1981), we tested whether the reactivity of the cerebral circulation to exogenously administered NO is affected by NOS blockade. The reactivity of rCBF to 10 -5 M SNP in aCSF was recorded before and after su perfusion of 103 M L-NA in aCSF for 30 min (n = 5).
Data analysis
The CBF responses to hypercapnia and acidosis were measured as percent changes from baseline and divided by the change in P aCoZ (%/mm Hg) and aCSF pH (%/pH unit), respectively. The CBF responses to hypercapnia, acidosis, and SNP before and after NOS blockade were compared using paired t-tests. Blood gases and other physiological variables were compared using repeated measures analysis of variance (SPSS-PC, SPSS Inc., Chi cago, U.S.A.). All data are presented as mean ± SD.
RESULTS
Except for P aco2 and pH during the hypercapnia intervals, all physiological variables were within normal limits within all series (data for series I, see Table O . Superfusion of acidic aCSF did not affect systemic variables.
The reaction of rCBF to hypercapnia (P aco2 from 30.5 ± 1.8 to 61.3 ± 5.8 mm Hg by adding CO2 to the inspiratory gas) was 2.9 ± 1.4%/mm Hg; and the reaction of rCBF to H + (superfusion of acidic aCSF, pH 7.07 ± 0.05) was 101.7 ± 24.7 %/pH unit ( Fig. O. The rCBF changes were linearly related to 43.6 ± 4.9 the changes in pH (correlation coefficient r = 0.82, p < 0.01). After 30 min of L-NA superfusion, rCBF was reduced to 80.1 ± 6.5% of baseline, the rCBF responses to hypercapnia (PaCO Z from 30.9 ± 2.9 mm Hg to 58.8 ± 7.7 mm Hg) and extracellular acidosis (aCSF pH 7.08 ± 0.06) were reduced to 0.8 ± 1.1%/mm Hg and 10.1 ± 23.0%/pH unit, respec tively (bothp < 0.001, Fig. 1 ). Topical application of o-NA affected neither baseline rCBF (100% vs. 97.2 ± 8.1% before and after application of o-NA, respectively) nor the reaction of rCBF to [H +] (aCSF pH 7.01 ± 0.08; 95.2 ± 29.1 vs 107 ± 27.3%1 pH unit before and after application of o-NA, re spectively). There was no statistically significant difference of the rCBF reactivity to topical applica tion of 10-5 M SNP before (114.3 ± 25.1%) and after NOS blockade (130.2 ± 24.7%).
DISCUSSION
We have shown that topical application of L-NA, an irreversible blocker of the enzyme NOS (Palmer et aI., 1988; Bredt et aI., 1990) which produces the vasodilator radical NO from L-arginine as precur sor, strongly attenuates rCBF response to CO2 and H+. Application of o-NA did not affect the rCBF response to H + , demonstrating stereospecificity of the effect. The NO blockade with L-NA did not affect the vasodilator effect of SNP, a drug that serves as a NO donor (Ignarro et aI., 1981) .
It is firmly established that the cerebrovascular response to hypercapnia or high aCSF P aco2 is not caused by a direct vasodilatory effect of CO2, but rather by changes in extracellular pH (Kontos et al., 1977) . However, surprisingly little is known about the sequence of events from extracellular acidifica tion to smooth muscle relaxation (Busija and Hei stad, 1984) . The involvement of various mediator systems for this response has been discussed, in cluding the prostaglandin system (Sakabe and Siesjo, 1979) , protein kinase C (Cortey et aI., 1991) , adenosine (Simpson and Phillis, 1991) , and, re cently, nitric oxide (Iadecola, 1992a; Dirnagl et aI., 1993; Wang et aI., 1992; Pelligrino et aI., 1993) .
The gaseous free radical NO, the "molecule of the year 1992" (Koshland, 1992) , has been impli cated in a wide range of functions in the CNS, in cluding neurotransmission (Garthwaite et aI., 1988) , consciousness (Johns et aI., 1992) , learning and long-term potentiation (Haley et aI., 1992) , and reg ulation of CBF (Goadsby et aI., 1992; Dirnagl et aI., 1993; Adachi et aI., 1992; Iadecola, 1992b) . (For review, see Dawson et aI., 1992; Moncada et aI., 1991; Vincent and Hope, 1992.) NO is a likely mo lecular signal involved in the cerebrovascular H + response for a number of reasons: NO is a freely diffusible vasodilator that can be produced by vir tually any cell type of the brain, NO has been shown to participate in the regulation of basal and stimulated CBF, and NO has been shown to be im plicated in the cerebrovascular response to COz (Ia decola, 1992a; Dirnagl et aI., 1993; Wang et aI., 1992; Pelligrino et aI., 1993) . However, Adachi et aI. (1992) found that the cerebrovascular COz reac tivity is not affected by NOS blockade. Possible explanations for this contradictory result include the systemic application of the NOS blocker and the very short CO2 exposure (10 s compared to several minutes in most other studies including the present one).
Endothelial cells (Palmer et aI., 1988) , neurons (Bredt et aI., 1990) , perivascular nerve terminals (Nozaki et aI., 1993) , and glia (Simmons and Mur phy, 1992) contain the constitutive isoform of NOS, which is localized in the cytosol, is Ca 2 + 1 calmodulin dependent, and produces NO in re sponse to receptor activation for short periods. Vascular smooth muscle contains the inducible NOS isoform (Fleming et aI., 1991) , which is cyto solic, Ca 2 + -independent, and, once expressed syn thesizes NO for longer time periods. From our study, we cannot isolate the cell compartment(s) responsible for NO production in response to COz or H+ since topical application of L-NA inhibits NOS in all cells in the cortical tissue area under the cranial window. Autoradiographically it has been shown that topical application of L-NA decreases CBF uniformly throughout the cortex exposed by the cranial window without affecting the cerebral metabolic rate of glucose (Iadecola and Xu, 1993) .
Because of the fast response kinetics of the va sodilatory response, it is unlikely that smooth mus cle inducible NOS plays an important role. The ce rebrovascular response to CO2 is endothelium independent (Toda et aI., 1989) , leaving glial and neuronal NOS by exclusion as likely candidates. Adventitial nerve fibers innervating cerebral ves sels have been shown to contain NOS immunore activity (Nozaki et aI., 1993) and should be consid ered sources for NO in response to CO2 and H + . However, since Seylaz et aI. (1989) have shown that ablation of the sphenopalatine ganglion does not af fect the cerebrovascular response to CO2, it is un likely that fibers originating from the sphenopalatine ganglion are involved in NO production in response to CO2, Further support for a common NO-dependent pathway of the CO2 and H + response comes from in vitro studies showing the pH dependency of NOS, with a stimulation of NOS at acidic pH levels (Heinzel et aI., 1992) . But how do protons stimulate NO synthesis in vivo? NOS is a cytosolic enzyme, and the changes in intracellular pH (pHi) elicited by hypercapnia are rather subtle (Siesjo et aI., 1972; Jensen et aI., 1988) . Although CO2 permeates the cell membrane freely, intracellular buffering pre vents major changes in pHi (Chesler, 1990) . It is even more difficult to explain the induction of NOS by extracellular acidification with acidic CSF of normal P ac02' Extracellular acidification in the range induced in our study is unlikely to change pHi at all (Vorstrup et aI., 1989) . Wang et al. (1992) reported that intravenous L-NA reduces the CBF response to hypercapnia but not to extracellular ac idosis caused by systemic application of acetazol amide, the blocker of the enzyme carbonic anhy drase. cerebrovascular reactivity to CO2 or H+ in our ex periments. This may be explained by other cGMP independent mechanisms involved in mediating these responses (f.e. cAMP, Simpson and Phillis, 1991) or the possibility that NOS was not com pletely blocked. No NOS activity measurements af ter brain topical application of arginine analogues are currently available in the literature.
We have provided evidence that brain extracel lular acidosis may induce NO synthesis. Further studies must elucidate the molecular signaling from extracellular H + to intracellular NOS induction in the brain.
